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ATMOSPHERIC CONDITIONS ASSOCIATED WITH TURBULENCE ENCOUNTERED 


BY THE XB-70 AIRPLANE ABOVE 40,000 FEET ALTITUDE 

By L, J. Ehernberger 
Flight Research Center 


SUMMARY 


High-altitude atmospheric turbulence has been encountered by the XB-70 airplane 
during flight tests over the Western United States. The encounters from 36 flights were 
used to obtain a preliminary assessment of the meteorological features associated with 
high-altitude turbulence. This study used data from an NACA VGH recorder carried on 
the airplane and from rawinsonde observations made near turbulence encounters at alti- 
tudes above 40, 000 feet (12, 200 meters). These data showed that turbulence of signif- 
icant intensity at high altitudes is related to wind velocity, vertical wind shear, and the 
vertical temperature gradient. These findings are in general agreement with various 
turbulence-generating disturbances suggested previously in the literature. It is also 
indicated that the disturbances causing high-altitude turbulence can originate in both the 
lower atmosphere and the stratosphere. 


INTRODUCTION 


Atmospheric turbulence is of concern to operators of subsonic jet transport aircraft 
because of both flight safety and passenger-comfort considerations (ref, 1). With the 
anticipated introduction of supersonic transport (SST) aircraft, questions arise con- 
cerning the meteorological conditions related to high-altitude turbulence and its sub- 
sequent effects during cruise at speeds three times those of subsonic jet transports and 
at altitudes more than 20,000 feet (6100 meters) higher. Several investigators (refs. 2 
to 6) have suggested that high-altitude turbulence (in the lower stratosphere) may be 
related to wave motion and mixing resulting from wind shear acting across thin atmos- 
pheric layers of differing stability. If true, such relationships could form the basis for 
predicting the presence of turbulence at SST flight altitudes. However, the validity of 
these relationships has not been established because of the lack of data with which to 
correlate the aircraft turbulence encounters at high altitudes with the associated mete- 
orological features. 

In order to partially eliminate this lack of data, high-altitude turbulence recently 
encountered by the XB-70 airplane, which is similar in configuration and performance 
to the planned SST, has been identified for correlation with meteorological information. 
The study, made at the NASA Flight Research Center, Edwards, Calif. , covers data 
obtained from 36 flights of the XB-70 airplane over the Western United States between 
February 1965 and March 1966. This paper discusses the preliminary findings of the 
atmospheric features associated with the more intense clear-air turbulence encountered 


at altitudes above 40,000 feet (12,200 meters). The date, time of day, altitude, and 
geographical location of the turbulence encounters for each flight are presented in the 
appendix. 


SYMBOLS 


Measurements for this investigation were made in U. S. Customary Units; equivalent 
values in the International System of Units are indicated parenthetically. 


^ a %ax 

g 


Vmax 

v 100 



maximum peak-to-peak increment in normal acceleration at the air- 
plane center of gravity, g units 

acceleration of gravity, 32. 2 ft/sec^ (9. 8 m/sec^) 

pressure altitude, ft (m) 

wind velocity at the altitude of the maximum wind level, knots (m/sec) 

wind velocity at the 100-millibar level (approximately 53,000 ft or 
16,200 m altitude), knots (m/sec) 

vertical wind shear for a shear layer below the flight altitude, sec“l 
vertical wind shear for a shear layer at the flight altitude, sec“l 


T fit 
~ T fit 


lapse rate for a layer of low static stability at the flight altitude, C°/km 

inversion rate for a layer of high static stability at the flight altitude, 
C°/km 


DATA COLLECTION 


The data presented in this study include an estimate of the turbulence intensity, alti- 
tude, location, flight distance in turbulence, time of day, and the upper-air wind and 
temperature soundings for turbulence encountered at altitudes above 40,000 feet 
(12,200 meters). An NACA VGH recorder (ref. 7) carried in the XB-70 airplane pro- 
vided a time-history trace for the values of airspeed, normal acceleration at the air- 
plane center of gravity, and pressure altitude. In flight through turbulence, rapid 
fluctuations appeared on the normal-acceleration trace and irregular disturbances were 
noted on the airspeed trace, as shown in figure 1. The maximum peak-to-peak incre- 
ment in normal acceleration at the airplane center of gravity Aa nmax , which is also 

illustrated in figure 1 , was determined for each turbulence encounter. Since 
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instrumentation for a direct measure of gust velocity was not available, ^ a n max was 
used as an estimate of the turbulence intensity. 


Center-of -gravity 
normal acceleration 


Airspeed 




k Onset of turbulence 


- 2 sec 


t i 


Figure 1.— VGH lime history of normal acceleration and airspeed for an XB— 70 turbulence encounter. 

The particular VGH recorder used in the XB-70 airplane was modified in two ways. 
First, the recorder was set up to operate at a film speed of 14 inches per minute 


(5. 93 millimeters/second) to provide 
improved resolution. Second, the ac- 
celerometer and galvanometer each 
had a natural frequency of 16 cycles 
per second and 20 cycles per second, 
and their damping was 0. 65 critical. 
With these characteristics, the fre- 
quency response of the normal- 
acceleration measurement was essen- 
tially flat to 10 cycles per second. 

Flight tests of the XB-70 airplane 
were made over the Western United 
States, as shown by the shaded area 
in figure 2. Nearly all of this area is 
characterized by irregular or moun- 
tainous terrain. The geographical 
location of the airplane when high- 
altitude turbulence was indicated by 
the VGH recorder data was obtained 
from the ground track recorded on a 
radar plotting-board map for each 
flight. 


Rawinsonde observation stations 


B0I 

Boise, Idaho 

INW 

Winslow, Ariz. 

SLC 

Salt Lake City, 

EDW 

Edwards, Calif. 

LAS 

Las Vegas, Nev. 


Utah 

ELY 

Ely, Nev. 

LND 

Lander, Wyo. 

WMC 

Winnemucca, 

GJT 

Grand Junction, 

OAK 

Oakland, Calif. 


Nev. 


Colo. 



Figure 2.— Geographic area of XB— 70 flights and 
locations of rawinsonde observation stations. 
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The upper-air stations near the XB-70 flight path from which rawinsonde obser- 
vations near the turbulence encounters were obtained are also shown in figure 2. For 
the soundings made at civilian rawinsonde stations , copies of adiabatic charts 
WBAN-31A, B, and C and copies of the coded data for transmission on the winds aloft 
computation sheet, WBAN-20, were obtained from the National Weather Records Center, 
Environmental Science Services Administration, Asheville, N. C. Data for turbulence 
encounters near Edwards Air Force Base, Calif. , were provided by Detachment 21, 6th 
Weather Wing, Air Weather Service, in the tabulated form produced by a digital- 
computer data-reduction program. 


ANALYSIS PROCEDURE 


hi examining the association between high-altitude turbulence and meteorological 
features, three steps were followed: (1) review of VGH data for turbulence encounters; 
(2) separation of the encounters into two intensity categories; and (3) selection of spe- 
cific meteorological parameters for evaluation from the rawinsonde data. In order to 
limit this initial study to the more intense turbulence, VGH data for 36 flights were re- 
viewed for encounters having ^ a n max equal to 0. 25g or greater. Encounters of this 

magnitude were found on 21 of the 36 flights at altitudes above 40,000 feet 
(12,200 meters). It may be of interest to note that VGH data were also available for 
six flights on which no high -altitude turbulence was encountered. An additional 21 
flights, which either did not exceed 40,000 feet (12,200 meters) altitude or did not have 
VGH data, were made during the period covered by this study. 

The XB-70 turbulence encounters were separated into two intensity categories on 
the basis of Aa nmax . Encounters for which 0.2 g 2 Aa nrnax < 0. 40g were categorized 

as T1 and those with Aan max - 0. 40g were categorized as T2. Pilots of the XB-70 

airplane frequently referred to the turbulence intensity in these categories as "light" 
and "moderate," respectively. The arbitrary intensity categorization, T1 and T2, was 
used because uncertainties introduced by flexibility in the aircraft structure (ref. 8) 
preclude the calculation of derived gust velocities. 

Selection of the meteorological parameters was made with consideration of the rel- 
evance to clear-air turbulence and the ease of obtaining the parameters directly from 
rawinsonde data. The six meteorological parameters selected were: (1) the wind speed 
at the altitude of the maximum wind level, (2) the wind speed at the 100 -millibar level 
(approximately 53,000 feet or 16,200 meters pressure altitude), (3) vertical wind 
shear at lower altitude, (4) vertical wind shear at the flight altitude, (5) a pronounced 
temperature lapse at the flight altitude, and (6) a pronounced temperature inversion at 
the flight altitude. Flight-altitude wind shear, lapse, or inversion layers having values 
less than 0.005 sec -1 , 4.0 C°/km, or 5.0 C°/km, respectively, were not considered to 
be pronounced and were not included in this evaluation. 

Lower-altitude wind shear was selected for evaluation in an attempt to include dis- 
turbances that could propagate upward, indirectly causing turbulence at the flight alti- 
tude, and to include shear layers that may belong to a deep atmospheric disturbance. 
These shear layers were considered to be at lower altitude when they were 5000 feet 
(1500 meters) or more below the flight level. The vertical wind shear, lapse, and 
inversion layers at the flight altitude may be expected to be directly associated with the 
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turbulence encountered by the XB-70 airplane. In order to allow for differences in time 
and/or location between the rawinsonde observation and the turbulence encounter, these 
layers were considered to be at the flight altitude when they were within 2000 feet 
(600 meters) of the flight level. 

The selected meteorological parameters were tabulated for the high-altitude 
turbulence encounters. Frequently, on a given flight, repeated encounters were expe- 
rienced near the same rawinsonde observation and essentially in the same atmospheric 
layer. This repetition was avoided in the tabulation of the meteorological parameters 
by selecting only the encounter with the largest value of ^ a n ma x' That is, when more 

than one encounter was within the area of a given rawinsonde observation and within 
2000 feet (600 meters) in altitude or within the same meteorological layer, only the 
encounter with the largest Aa nmax was tabulated. A total of 43 samples, 27 in cate- 
gory T1 and 16 in category T2, was obtained by using this procedure. 


RESULTS AND DISCUSSION 


The values of the meteorological parameters and the associated flight information, 
including the date, airplane number and flight number, encounter number, Aa nmax , 

distance in turbulence, and the pressure altitude, are presented in table I. A general 
observation of these data indicates that the meteorological conditions accompanying the 
more intense turbulence, T2, tend to have larger values for wind speed, wind shear, 
lapse, and inversion layers than the T1 conditions. Typical illustrations of these fea- 
tures based on data taken from several flights are shown by the wind and temperature 
profiles in figures 3(a) to 3(c). While flying across the area covered by the profile in 
figure 3(a), the XB-70 airplane was gradually changing altitude from 63,000 feet 
(19,200 meters) to 65,000 feet (19,800 meters). No turbulence was encountered during 
this portion of the flight through relatively quiet atmospheric conditions. As shown, the 
wind speed reached a maximum of less than 50 knots (26 meters /second) below 
30, 000 feet (9100 meters) altitude and decreased to low values at the higher altitudes. 
Also, there were no appreciable wind shear, lapse, or inversion layers near the flight 
altitude. Figure 3(b) shows the profile for turbulence encountered during cruise at an 
altitude of 57,700 feet (17, 600 meters) in which Aa nmax reached 0. 65g. Here, the 

wind speed gradually decreased from more than 75 knots (39 meters/second) below 
40,000 feet (12,200 meters) to lower speeds above 55,000 feet (16,700 meters). The 
temperature profile shows the flight altitude to be at the top of a pronounced lapse layer, 
with strong inversion layers both above and below. Figure 3(c) shows the profile for a 
deep layer of turbulence that was encountered during a climb between 52 , 000 feet 
(15,800 meters) and 59,000 feet (18,000 meters) altitude. The wind speed reached a 
maximum of greater than 100 knots (51 meters/second) at 40,000 feet (12,200 meters) 
and was also notably high at the altitudes at which turbulence was encountered. Several 
alternate layers of lapse and inversion are shown in the temperature profile. Again, 
for this example, the largest value of Aa nmax appeared in a layer of pronounced 
lapse. 
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TABLE I.- TURBULENCE SAMPLES 


Flight 

date 

Airplane 

and 

flight 

number 

Encounter 

number 

Aa «max- 
g units 

Distance in 
turbulence, 
n. mi. (km) 

hp> 
ft (m) 

v max» 

knots 

(m/sec) 

V 100’ 

knots 

(m/sec) 

^ z )low 

sec -1 

«„• 

sec -1 

(a) 

7 £lt’ 

C°/km 

(a) 

-Yfit* 

CVkm 

(a) 


Category T1 J 

4/20/65 

1-10 

10 

0.30 

3.8 

(6. 1) 

57. Ox 

10 3 (17. 4 x 10 3 ) 

73 

(37. 6) 

14 

(7.2) 

0.014 


— 

6.0 

4/28/65 

1-11 

1 

.25 

4.5 

(8.3) 

55.7 

(17.0) 

52 

(26. 8) 

16 

(8.2) 

.016 


— 

j 

5/7/65 

1-12 

7 

.25 

3.6 

(6.7) 

47.3 

(14.4) 

66 

(34.0) 

6 

(3.D 

.037 


4.0 

| 



9 

.25 

1.5 

(2.8) 

56.2 

(17.1) 

66 

(34. 0) 

6 

(3. 1) 

.037 


— 

— 

' 


12 

. 30 

3.6 

(6.7) 

58.8 

(17. 9) 

43 

(22.1) 

18 

(9.3) 

.009 


5.2 

— 



14 

.35 

12.5 

(23.2) 

51. 8 

(15.8) 

43 

(22. 1) 

18 

(9.3) 

.009 

0.005 

4.0 

— 

| 6/16/65 

1-13 

6 

.25 

7.0 

(13.0) 

55.2 

(16.8) 

91 

(46. 8) 

24 

(12. 3) 

.015 


— 

— 

1 


16 

.30 

i 5.2 

(9.6) 

56.9 

(17.3) 

68 

(35.0) 

11 

(5.7) 

, .011 

.006 

— 

7.6 



18 

.25 

2.3 

(4.3) 

47.0 

(14.3) 

1 68 

(35. 0) 

11 

(5.7) 

.011 

.007 

5.2 

— 

7/1/65 

1-14 

2 

.30 

7. 1 

(13. 1) 

50.3 

(15.3) 

48 

(24.7) 

14 

(7.2) 

.007 

.010 

4. 5 

— 

9/17/65 

2-5 

4 

.35 

42.6 

(78.9) 

47. 1 

(14.4) 

43 

(22. 1) 

35 

(18.0) 

.010 


— 

— 



5 

.25 

4.8 

(8.9) 

51.0 

(15.5) 

1 43 

(22. 1) 

35 

(18.0) 

1 .010 

.005 

— 

7. 1 

i 


12 

.25 

1.6 

(3.0) 

45.8 

(14.0) 

' 67 

(34.5) 

37 

(19.0) 

.011 

.006 

5.7 

— 

! 9/22/65 

1-16 

2 

.25 

6.5 

(12. 0) 

53.7 

(16.4) 

' 40 

(20. 6) 

17 

(8.7) 

.008 

.005 

— 

— 



8 

.25 

21.9 

(40. 6) 

65.3 

(19.9) 

50 

(25.7) 

27 

(13.9) 

.010 


— 

— 

9/29/65 

I 2-6 

5 

.30 

4.7 

(8.7) 

45.7 

(13.9) 

88 

(45. 3) 

27 

(13.9) 

.010 

.010 

— 

— 

10/14/65 

1 1-17 

4 

. 25 

11.3 

(20.9) 

53.7 

(16.4) 

27 

(13. 9) 

14 

(7.2) 

.010 


— 

— 

11/2/65 

2-11 

3 

.35 

6.8 

(12. 6) 

56.0 

(17.1) 

56 

(28.8) 

25 

(12. 9) 

.011 


— 

— 

1/12/66 

2-18 

5 

.25 

2.6 

(4. 8) 

63.7 

(19.4) 

70 

(36. 0) 

35 

(18.0) 

.014 

.007 

— 

— 



6 

.30 

7.2 

(13.3) 

67.4 

(20.5) 

57 

(29. 3) 

33 

(17.0) 

.009 


— 

— 



14 

.25 

10.3 

(19. 1) 

53.0 

(16.2) 

64 

(32.9) 

56 

(28. 8) 

.013 

.015 

6.8 

6.8 

2/9/66 

2-20 

1 

.25 

15.7 

(29. 1) 

46.4 

(14. 1) 

84 

(43.2) 

15 

(7.7) 

.010 


— 

— 



4 

.30 

19. 1 

(35.4) 

49.5 

(15.1) 

76 

(39.1) 

16 

(8.2) 

.015 

. 005 

— 

5.2 



10 

.30 

1.9 

(3.5) 

55.9 

(17.0) 

85 

(43.7) 

20 

(10.3) 

.023 


— 

— 

3/10/66 

2-23 

1 

.35 

6.5 

(12. 0) 

41.3 

(12.6) 

82 

(42.2) 

33 

(17.0) 

. 018 

.007 

— 

— 



11 

.25 

18.4 

(34. 1) 

65.4 

(19.9) 

: 72 

(37.0) 

30 

(15.4) 

.026 

.005 

— 

— 

3/17/66 

2-25 

14 

.25 

5.3 

(9.8) 

66. 0 

(20. 1) 

j 105 

(54. 0) 

42 

(21.6) 

.024 


— 

— 


Category T2 


4/20/65 

1-10 

14 

0.65 

6.3 

(11.7) 

57. 7 x 10 3 

(17. 6 x 10 3 ) 

79 (40.6) 

26 (13.4) 

0.010 


6.2 

24.0 



22 

.70 

16.4 

(30. 4) 

46. 6 

(14.2) 

58 (29.8) 

39 (20. 1) 

.012 

0.008 

— 

14. 5 

9/22/65 

1-16 

1 

.45 

4.9 

(9. 1) 

43.0 

(13. 1) 

25 (12. 9) 

19 (9.8) 

.014 


5. 9 

— 



5 

.40 

16.9 

(31.3) 

60.3 

(18.4) 

49 (25.2) 

33 (17. 0) 

.021 

.009 

— 

11.0 

12/2/65 

1-23 

4 

.40 

6. 1 

(11. 3) 

45.2 

(13.8) 

113 (58. 1) 

41 (21. 1) 

.032 

.013 

— 

— 



9 

.40 

4.7 

(8.7) 

50. 2 

(15.3) 

136 (70.0) 

54 (27. 8) 

.035 

. 007 

5.2 

— 



13 

.40 

2.6 

(4.8) 

46.8 

(14. 3) 

136 (70.0) 

54 (27. 8) 

.035 

.005 

— 

— 



15 

. 45 

1.0 

(1.9) 

49.5 

(15. 1) 

122 (62. 8) 

41 (21.1) 

.020 


4.7 

— 

12/7/65 

1-24 

2 

.40 

5.9 

(10.9) 

61. 6 

(18.8) 

72 (37.0) 

36 (18.5) 

.017 

.005 

6.6 

— 

1/3/66 

2-17 

5 

.55 

14.9 

(27. 6) 

51.2 

(15.6) 

56 (28. 8) 

30 (15.4) 

.015 


— 

— 



10 

.55 

68.9 

(127.6) 

60. 0 

(18.3) 

65 (33. 4) 

27 (13. 9) 

.017 

.010 

— 

5.0 

3/15/66 

2-24 

6 

.55 

39.8 

(73.7) 

58. 1 

(17.7) 

72 (37. 0) 

40 (20. 6) 

.017 


6.5 

5.8 

3/19/66 

2-26 

2 

.70 

20.4 

(37.8) 

52.0 

(15.8) 

122 (62.8) 

47 (24. 2) 

.022 

.007 

— 

27.0 



4 

1.05 

242,9 

(449. 9) 

54. 8 

(16.7) 

122 (62.8) 

47 (24.2) 

.022 

.007 

8.0 

7.5 



4 

1.20 

242.9 

(449.9) 

57.0 

(17.4) 

122 (62. 8) 

47 (24. 2) 

. 022 

.005 

8.0 

7.5 



4 

.50 

242.9 

(449. 9) 

60. 1 

(18.3) 

120 (61.7) 

40 (20. 6) 

.021 

.005 

8.0 

6.6 


a Values not given for (|~) , y flt> and were less than 0. 005 sec*" 1 , 4. 0 C°/km, and 5. 0 C°/km, respectively. 
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(a) No turbulence. 


(b) Turbulence during ( c ) Turbul ence during climb, 

constant-altitude cruise. 


Figure 3.— Examples of wind and temperature profiles for various 


turbulence conditions encountered 


by the XB— 70 airplane. 


A more direct comparison between the meteorological parameters for the turbulence- 
intensity categories T1 and T2 was attempted on the basis of the percentage of encounters 
in each category that equals or exceeds specified values for each parameter. For this 
purpose, values were selected for the parameters that appeared to discriminate well 
between the T1 and T2 samples. This comparison, including the percentages and the 
specified values, is presented in table II, As shown, the specified values for the 

TABLE II. — PERCENT OF SAMPLES MEETING THE SPECIFIED VALUES OF THE 
METEOROLOGICAL PARAMETERS FOR CATEGORIES T1 AND T2 




Turbulence- 


Parameter 

Specified value 

intensity category | 

Tl, percent 

T2 , 

percent 

V max 

>70 knots (36 m/sec) 

37 


69 

v 100 

>40 knots (20. 6 m/sec) 

7 


56 

tSL 

>0. 020 sec~ 1 

9 


56 

(Slu 

>0. 005 sec- 1 

48 


69 


>4. 0 C°/km 

26 


56 

_ ' v fit 

>5.0 C°/km 

18 


56 
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meteorological parameters are met by a greater percentage of the samples in category 
T2 than in category Tl. The percentage meeting the specified value for vertical wind 
shear at the flight altitude shows the least contrast of all the parameters. However, 
this low contrast is assumed to reflect the reduced sensitivity and an increase in error 
of the wind measurement at high altitude, rather than the actual significance of wind 
shear to the turbulence encounters at these altitudes. 

The trend shown for all the meteorological parameters in table n and the absence of 
any single outstanding parameter indicate that a variety of disturbance mechanisms can 
generate significant high-altitude turbulence. It is conceivable that these disturbances 
may include strong frontal systems, sharp pressure troughs, and lee wave activity 
developed in the troposphere, as well as strong stability deviations and wind-shear 
layers generated within the stratosphere. Additional data and studies for each of these 
disturbances are needed to develop high-altitude-turbulence forecasting procedures. 

In general, the results shown in table II verify previous work and theoretical expec- 
tations regarding the atmospheric disturbances significant to high-altitude turbulence. 

In particular, the higher maximum wind velocity and stronger vertical wind shear at 
lower altitudes frequently accompany strong frontal systems and lee wave conditions. 
These features associated with category T2 turbulence give support to suggestions by 
Hildreth et al. (ref. 2) and Reiter (ref. 3) that the turbulence at SST cruise altitudes 
will be related to flow over rough terrain and mountain wave activity. The flight-level 
wind shear and pronounced temperature inversions may often characterize wave motion 
in a shearing current and conditions favoring the growth of small-amplitude 
perturbations, which are also discussed in references 2 and 4 as being important to high- 
altitude turbulence. In several of the T2 samples, there were both pronounced lapse 
layers and vertical wind shear at flight altitude. These features agree qualitatively 
with the index of clear-air-turbulence intensity derived by Colson and Panofsky (ref. 5) , 
since they decrease the Richardson number and increase the magnitude of the velocity- 
vector difference across the layer. The pronounced lapse layers associated with some 
of the turbulence encounters appear to support the hypothesis discussed in reference 6. 
According to this hypothesis, the adiabatic layers characterize zones of mixing between 
two air masses in which much of the clear-air turbulence is generated. 

The importance of considering several parameters rather than a single parameter 
(such as wind shear, lapse, or inversion rate) can be demonstrated by comparing 
categories Tl and T2 on the basis of the number of samples in each category that meet 
the specified values for three or more of the meteorological parameters . As shown in 
the following tabulation, few samples from category Tl but most of the samples from 
category T2 meet the specified values for three or more of the meteorological param- 
eters. In addition to indicating the variety of parameters involved, the contrast shown 
by this comparison is also interpreted as illustrating the usefulness of rawinsonde data 
for describing atmospheric conditions associated with high-altitude turbulence. 


Cases meeting 
less than 
three 

Category specified values 


Cases meeting 
three 
or more 
specified values 


8 


Tl 

T2 


23 

4 


4 

12 



CONCLUDING REMARKS 


A study of turbulence encountered by the XB-7 0 airplane has shown that turbulence 
of significant intensity at SST cruise altitudes is related to wind velocity, vertical wind 
shear, and temperature parameters obtained from rawinsonde measurements. The data 
illustrate that high-altitude turbulence is found in several situations characterized by 
various combinations of meteorological parameters. Some of the turbulence situations 
encountered exemplify particular disturbances that previous investigators have suggested 
could cause high-altitude turbulence. As mentioned in the literature, these disturbances 
can originate in the lower atmosphere as well as within the stratosphere itself. Addi- 
tional data and meteorological analyses are needed for the development of high- altitude- 
turbulence forecasting procedures. 


Flight Research Center, 

National Aeronautics and Space Administration, 
Edwards, Calif. , January 5, 1968, 
126-16-06-01-24. 
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appendix 

TABULATION OF XB-70 TURBULENCE -ENCOUNTER DATA 


Turbulence -encounter data are tabulated in this appendix for 36 flights of the 
XB-70 airplane over the Western United States between February 1965 and March 1966. 
The basic VGH data for turbulence encountered at altitudes above 40,000 feet 
(12,200 meters) have a threshold value for the maximum peak-to-peak increment in 
normal acceleration at the airplane center of gravity Aa^ of 0. lOg. A higher 

JTlclX 

threshold, 0.25g, was selected for the study reported in this paper, in order to exclude 
turbulence of very light intensity. Also, a number of encounters in this appendix were 
not used in the study because they were separated from the nearest rawinsonde data by 
excessive distances (typically more than 120 nautical miles or 62 kilometers). Al- 
though 63 flights were made during the period covered, only 36 flights on which turbu- 
lence data were obtained at altitudes above 40,000 feet (12,200 meters) are included. 

The data are presented in tables (pages 11 to 46) which give the number, time of 
day, Aa n , length, and altitude of each turbulence encounter. A map showing the 

encounter locations accompanies the data table for each flight. A solid line on the maps 
shows the flight track for the portion of the flight above 40, 000 feet (12,200 meters) 
altitude. A short line across the flight track denotes turbulence encounters that were 
less than 5 nautical miles long; a square denotes encounters 5 to 10 nautical miles long. 
For encounters longer than 10 nautical miles, a thick line along the flight track, repre- 
sentative of the distance in turbulence, is used. The adjoining numbers provide a cross- 
reference between the encounter locations on the map and the accompanying table. 
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Encounter 

number 

Greenwich 

time 

^ an max’ 
g units 

Distance in 
turbulence , 
n. mi. (km) 


V 

ft (m) 

1 

1845Z 

0.25 

2. 1 

(3.9) 

40. 7x 10 3 (12.4X103) 

2 

1849Z 

. 15 

4.9 

(9.1) 

43. 1 

(13. 1) 

3 

1901Z 

. 15 

4. 1 

(7.6) 

43.8 

(13.4) 

4 

1901Z 

. 20 

2. 5 

(4.6) 

44. 5 

(13. 6) 

5 

1902Z 

.20 

14.8 

(27.4) 

45. 1 

(13.7) 

6 

1903Z 

.20 

2. 1 

(3.9) 

45.3 

(13.8) 

7 

1903Z 

. 15 

. 8 

(1.5) 

45.5 

(13.9) 

8 

1904Z 

. 15 

4. 7 

(8.7) 

45.2 

(13.8) 

9 

1906Z 

. 15 

1. 9 

(3.5) 

44.2 

(13.5) 

10 

1907 Z 

.20 

2.2 

(4.1) 

46. 0 

(14.0) 

11 

1915Z 

. 15 

2. 9 

(5.4) 

49. 8 

(15.2) 

12 

1915Z 

.20 

1.4 

(2.6) 

49. 8 

(15.2) 

13 

1919Z 

.20 

5. 1 

(9.4) 

49. 8 

(15.2) 

14 

1920Z 

. 15 

2. 7 

(5.0) 

49. 6 

(15. 1) 

15 

1926Z 

.45 

56.2 (104.1) 

42. 0 

(12. 8) 

16 

1928Z 

. 15 

1.5 

(2.8) 

41.3 

(12. 6) 

17 

1931Z 

. 15 

1.4 

(2.6) 

40.3 

(12.3) 

18 

1933Z 

. 15 

1. 8 

(3.3) 

41. 0 

(12.5) 


f 




1 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 




XB -7 0-1-7 March 4, 1965 









Encounter 

number 


Greenwich 

time 


Aan max’ 
g units 


Distance in 
turbulence, 
n. mi. (km) 


ft (m) 


1 1650Z 

2 1652Z 


0.25 

.25 


4. 5 (8. 3) 55. 7x 10 3 (17. Ox 10 3 ) 

3. 1(5.7) 56.2 (17.1) 



XB-70-1-11 April 28, 1965 




Encounter 

Greenwich 

Aan max> 

Distance in 
turbulence, 
n. mi, (km) 


V 

number 

time 

g units 


ft(Dl) 

1 

1429Z 

0.20 

2.8 (5,2) 

43. 6X10 3 (13.3x103) 

2 

1432Z 

. 15 

1.5 (2.8) 

46.2 

(14. 1) 

3 

1437 Z 

.20 

5.3 (9.8) 

53.2 

(16. 2) 

4 

1439Z 

. 15 

.7 (1.3) 

54.8 

(16.7) 

5 

1440Z 

.25 

3.5 (6.5) 

55.4 

(16.9) 

6 

1442Z 

.25 

7. 0 (13. 0) 

55.2 

(16.8) 

7 

1443Z 

. 20 

4.3 (8.0) 

57.2 

(17.4) 

8 

1445Z 

.25 

10. 5 (19.4) 

57. 5 

(17.5) 

9 

1449Z 

. 15 

7. 6 (14. 1) 

59.4 

(18. 1) 

10 

1458Z 

. 15 

2.8 (5.2) 

62.2 

(19.0) 

11 

1500Z 

. 15 

1.2 (2.2) 

62. 6 

(19. 1) 

12 

150 1Z 

. 15 

13. 4 (24. 8) 

63. 0 

(19.2) 

13 

1502Z 

: .20 

1.6 (3.0) 

63. 5 

(19.4) 

14 

1503Z 

i . 15 

2.0 (3.7) 

63. 8 

(19.4) 

15 

1516Z 

. 25 

23. 0 (42. 6) 

58. 0 

(17.7) 

16 

1522Z 

. 30 

5.2 (9.6) 

56.9 

(17.3) 

17 

1523Z 

. 15 

1.1 (2.0) 

56. 2 

(17. 1) 

18 

1525Z 

.25 

2.3 (4.3) 

47.0 

(14.3) 



XB-70-1-13 June 16, 1965 














Distance in 
turbulence , 
n. mi. (km) 

15. 6 (28. 9) 

4.2 (7.8) 

3.7 (6.9) 
42. 6 (78. 9) 

4.8 (8.9) 

1.9 (3.5) 

1.2 ( 2 . 2 ) 

1.0 (1.9) 
1.8 (3.3) 

6.7 (12.4) 

1.8 (3.3) 
1.6 (3.0) 


“P ’ 
ft (m) 

42.2x103 <12. 9x 10 3 ) 

42.0 (12.8) 

42.5 (13.0) 

47.1 (14.4) 

51.0 (15.5) 

52.0 (15.8) 

50.0 (15.2) 

47.0 (14.3) 

47.0 (14.3) 

47.0 (14.3) 

47.0 (14.3) 

45.8 (14.0) 



XB-7 0-2-5 September 17, 1965 







Encounter 

number 

Greenwich 

time 

Aa %ax’ 
g units 

Distance in 
turbulence, 
n. mi. (km) 


v 

ft (m) 

l 

1915Z 

0.20 

4.4 (8.1) 

41. 5X 10 3 (12. 6x 10 d ) 

2 

1916Z 

.20 

5. 8 (10. 7) 

42. 1 

(12.8) 

3 

1917Z 

. 15 

1.2 (2.2) 

43. 1 

(13.1) 

4 

1920Z 

. 15 

1. 7 (3. 1) 

51.3 

(15. 6) 

5 

1925Z 

.30 

4.7 (8.7) 

45.7 

(13.9) 



XB-70-2-6 September 29, 1965 




Encounter 

number 

Greenwich 

time 

^ an max * 
g units 

Distance in 
turbulence, 
n. mi. (km) 


hp, 
ft (m) 

1 

1638Z 

0. 15 

8.5 (15.7) 

1 42.0X103 (12.8X103) 

2 

1641Z 

.25 

1.1 (2.0) 

48.0 

(14.6) 

3 

1645 Z 

. 10 

.7 (1.3) 

55.7 

(17.0) 

4 

1645 Z 

. 20 

.7 (1.3) 

56.0 

(17. 1) 

5 

1648Z 

. 10 

2.9 (5.4) 

58. 6 

(17.9) 

6 

1723Z 

. 10 

1.6 (3.0) 

58. 1 

(17.7) 

7 

1724Z 

.25 

1.2 (2.2) 

58.7 

(17.9) 

8 

1727Z 

.20 

34. 7 (64. 3) 

57.4 

(17.5) 

9 

1729Z 

.20 

9.3 (17.2) 

56.0 

(17.1) 

10 

1730Z 

. 10 

1.8 (3.3) 

56.4 

(17.2) 

11 

173 1Z 

. 15 

4.9 (9.1) 

55. 9 

(17.0) 

12 

1731Z 

. 15 

5.0 (9.3) 

54. 0 

(16. 5) 

13 

1733Z 

.35 

24.5 (45.4) 

52.0 

(15.8) 

14 

1734Z 

.25 

3.6 (6.7) 

50.2 

(15.3) 

15 

1735Z 

. 10 

4.5 (8.3) 

42.4 

(12.9) 



XB-70-2-9 October 16, 1965 





Encounter 

number 

Greenwich 

time 

Aa n , 

n max 

g units 

Distance in 
turbulence, 
n. mi. (km)_ 


hp, 
ft (m) 

1 

1801Z 

0. 15 

2, 3 (4.3) 

45. 4* 10 3 (13. 8x 10 3 ) 

2 

1817Z 

.20 

3. 8 (7. 0) 

43. 1 

(13.1) 

3 

1820Z 

. 20 

2.2 (4. 1) 

40. 3 

(12.3) 



XB-70-1-20 November 12, 1965 










XB-70-2-11 November 2, 1965 


















Encounter 

Greenwich 

^ an max’ 

Distance in 
turbulence, 
n. mi. (km) 


h p . 

number 

time 

g units 


ft (m) 

1 

1750Z 

0.20 

0.9 (1. 7) 

1 45.7X10 3 (13. 9x 10 3 ) 

2 

1752Z 

. 15 

.9 (1.7) 

45. 5 

(13.9) 

3 

1755Z 

.25 

1.2 (2.2) 

45.0 

(13.7) 

4 

1755Z 

.40 

6.1 (11.3) 

45.2 

(13.8) 

5 

1756Z 

.20 

3.2 (5,9) 

45. 6 

(13,9) 

6 

1803Z 

.25 

2. 3 (4. 3) 

46. 6 

(14.2) 

7 

1803Z 

. 15 

2. 3 (4. 3) 

46.2 

(14.1) 

8 

1804Z 

.25 

1.2 (2.2) 

46. 3 

(14. 1) 

9 

1807Z 

.40 

4.7 (8.7) 

50.2 

(15.3) 

10 

1808Z 

.25 

2. 5 (4. 6) 

49. 8 

(15.2) 

11 

1809Z 

.25 

2.9 (5.4) 

49.4 

(15. 1) 

12 

1813Z 

.20 

5.7 (10.6) 

48. 7 

(14.8) 

13 

1815Z 

.40 

2. 6 (4. 8) 

46. 8 

(14.3) 

14 

1817Z 

.30 

5. 2 (9. 6) 

52. 1 

(15.9) 

15 

1817Z 

.45 

1.0 (1.9) 

49.5 

(15. 1) 

16 

1818Z 

. 30 

7.2 (13.3) 

49.0 

(14.9) 

17 

1819Z 

. 15 

2. 3 (4. 3) 

49.5 

(15. 1) 

18 

1822Z 

.30 

4. 1 (7. 6) 

50. 0 

(15.2) 

19 

1828Z 

.20 

1.1 (2.0) 

59. 6 

(18.2) 

20 

1838Z 

.20 

5.5 (10.2) 

57. 8 

(17.6) 



XB-70-1-23 December 2, 1965 



Encounter 

Greenwich 

^ &n max’ 

Distance in 

V 

number 

time 

g units 

turbulence, 
n. mi. {km) 

ft (m) 

1 

1745Z 

0. 20 

1. 9 (3. 5) 

54. 4x 10 3 (16. 6x 10 3 ) 

2 

1747Z 

.40 

5. 9 (10. 9) 

61.6 (18.8) 

3 

1748Z 

. 30 

4.8 (8.9) 

60.2 (18.3) 



XB-70-1-24 December 7, 1965 


Encounter 


Greenwich 


Aa nmax * 


number 


time 


1 2056Z 

2 2101Z 

3 2117Z 


g units 


0 . 20 
. 20 
. 15 


Distance in 
turbulence, 
n. mi. (km) 

1.8 (3. 3) 
1.4 (2. 6) 

.9 (1.7) 


V 

ft (m) 

41. 2X 10 3 (12. 6x 10 3 ) 
49. 6 (15. 1) 

40.5 (12.3) 



XB-70-1-25 December 10, 1965 

















Encounter 


Greenwich 


^ an max’ 


number 


time 


g units 


1 1552 Z 

2 1600Z 

3 1600Z 


0.25 

.20 

.35 


Distance in 
turbulence, 
n. mi. (km) 

5. 9 (10. 9) 
4.5 (8.3) 
10.5 (19.4) 


ft (m) 

41. 5x 103 (12. 6x 103) 
40.8 (12.4) 

40.7 (12.4) 



XB-70-1-31 January 11, 1966 


Encounter 

number 

Greenwich 

time 

Aan max’ 
g units 

Distance in 
turbulence, 
n. mi. (km) 

v 

ft (m) 

1 

1715Z 

0. 15 

22. 1 (40. 9) 

43. Ox 10 3 (13. lx IQ 3 ) 

2 

1719Z 

. 10 

8.2 (15.2) 

52.2 

(15.9) 

3 

1720Z 

. 10 

4.8 (8.9) 

54. 0 

(16. 5) 

4 

1729Z 

. 10 

2.0 (3.7) 

59. 8 

(18.2) 

5 

1746Z 

.25 

2.6 (4.8) 

63.7 

(19.4) 

6 

175 1Z 

.30 

7.2 (13.3) 

67. 4 

(20. 5) 

7 

1752Z 

. 15 

8. 1 (15. 0) 

67.3 

(20. 5) 

8 

1758Z 

. 10 

2.2 (4.1) 

67. 1 

(20.5) 

9 

1800Z 

. 20 

16.8 (31. 1) 

66. 0 

(20. 1) 

10 

1801Z 

. 10 

5.0 (9.3) 

66. 6 

(20. 3) 

11 

1802Z 

. 15 

11. 9 (22. 0) 

66.7 

(20. 3) 

12 

1803Z 

. 10 

4.6 (8.5) 

69.0 

(21.0) 

13 

1822Z 

. 10 

1.2 (2.2) 

57. 8 

(17.6) 

14 

1823Z 

.25 

10.3 (19. 1) 

53.0 

(16.2) 

15 

1824Z 

. 10 

2.2 (4.1) 

48.6 

(14. 8) 

16 

1826Z 

. 10 

1.5 (2.8) 

41. 8 

(12.7) 


f 




T" 



XB-70-2-18 January 12, 1966 


Encounter Greenwich 

number time 


X 1942Z 

2 1951Z 

3 2001Z 


^ an max' 
g units 

0.20 
. 15 
. 20 


Distance in 
turbulence, 
n. mi. (km) 

2.9 (5.4) 
7.5 (13.9) 
9. 7 (18. 0) 


“p. 

ft (m) 


46. 6x 10 3 (14. 2x 10 3 ) 
45.6 (L3. 9) 

44.8 (13.7) 



XB-70-1-33 January 15, 1966 



Encounter 

number 


Greenwich 

time 


Distance in 
turbulence, 
n. mi. (km) 

15. 

7 

(29. 1) 

1 . 

6 

(3.0) 

3. 

2 

(5.9) 

19. 

1 

(35.4) 

1 . 

1 

(2.0) 

1 . 

8 

(3.3) 

4. 

5 

(8.3) 

10. 

3 

(19. 1) 

7. 

6 

(14. 1) 

1 . 

9 

(3.5) 

5. 

8 

(10.7) 

6. 

6 

(12.2) 

13. 

3 

(24. 6) 




46. 4x 10 3 (14. lx 10 3 ) 

! 47.2 

(14.4) 

48. 6 

(14.8) 

49. 5 

(15. 1) 

52. 7 

(16. 1) 

52. 9 

(16. 1) 

55. 1 

(16. 8) 

55. 5 

(16. 9) 

55.8 

(17.0) 

55. 9 

(17.0) 

56. 0 

(17.1) 

56. 9 

(17.3) 

56. 7 

(17.3) 


XB-70-2-20 February 9, 1966 

















Encounter 

Greenwich 

^ an max’ 

Distance in 
turbulence, 
n. mi. (km) 


V 

number 

time 

g units 


ft (m) 

1 

1730Z 

0. 10 

2.2 (4.1) 

1 47. 3x 10 3 (I4.4xl0 3 ) 

2 

1732 Z 

. 10 

1.0 (1.9) 

48. 5 

(14.8) 

3 

1733Z 

. 35 

18. 4 (34. 1) 

51.4 

(15.7) 

4 

1735Z 

. 20 

46. 8 (86.7) 

54. 0 

(16.5) 

5 

1737Z 

. 10 

10.2 (18. 9) 

55.2 

(16.8) 

6 

1739Z 

. 55 

39.8 (73.7) 

58. 1 

(17.7) 

7 

1741Z 

.25 

39. 0 (72.2) 

58. 8 

(17.9) 

8 

1743Z 

. 15 

1. 5 (2. 8) 

60. 6 

(18.5) 

9 

1743Z 

. 10 

1.2 (2.2) 

60. 1 

(18.3) 

10 

1745Z 

. 15 

23. 8 (44. 1) 

60. 5 

(18.4) 

11 

1746Z 

. 10 

4.9 (9.1) 

60. 5 

(18.4) 

12 

1812Z 

. 15 

16.2 (30. 0) 

66. 1 

(20. 1) 

13 

1824Z 

. 15 

6.7 (12.4) 

65.4 

(19.9) 

14 

1836Z 

.20 

6. 6 (12.2) 

67. 0 

(20.4) 

15 

1837Z 

. 20 

16. 7 (30. 9) 

67. 2 

(20. 5) 

16 

1840Z 

. 20 

17.5 (32.4) 

65. 1 

(19.8) 



XB-70-2-24 March 15, 1966 


Encounter 

number 


Gr 

eenwich 

time 

Aa n , 

max 
g units 

Distance in 
turbulence, 
n. mi. (km) 


1715Z 

0. 10 

5. 2 (9. 6) 


1724Z 

.20 

5.7 (10.6) 


1725Z 

. 15 

.8 (1.5) 


1726Z 

.20 

1.6 (3.0) 


1727Z 

. 10 

3. 7 (6. 9) 


1728Z 

.20 

5.7 (10. 6) 


1730Z 

. 10 

3.4 (6.3) 


1731Z 

.20 

5. 6 (10.4) 


1738Z 

.20 

14. 5 (26. 9) 


1739Z 

.20 

6.4 (11.9) 


1740Z 

.20 

37. 8 (70.0) 


1742Z 

.20 

4.8 (8.9) 


1748Z 

.20 

4.4 (8.1) 


1750Z 

.25 

5. 3 (9. 8) 


1751Z 

.20 

1.3 (2.4) 


1755Z 

.20 

.9 (1.7) 


1758Z 

.35 

28. 1 (52.0) 


1801Z 

. 15 

2. 2 (4, 1) 


1809Z 

. 10 

1.3 (2.4) 


54. Ox 10 3 (16. 5x 10 3 ) 

59.2 (18.0) 

59.3 (18.1) 

58.8 (17.9) 

59.4 (18.1) 


L , 1 




XB-70-2-25 March 17, 1966 
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complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 


TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and Notes, 
and Technology Surveys. 


Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 



